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Abstract 
This paper presents low-cycle fatigue data derived for a sample of puddle iron removed from an ancient Portuguese riveted road 
bridge - the Fão bridge. Constant amplitude strain-life data is presented for strain ratios equal to 0 and 1. This data was 
correlated using the classical strain-life model, known as Morrow’s model. Additionally, overloading strain-controlled fatigue 
tests were carried out to identify the net effective strain-life model, as proposed by D. L. DuQuesnay. Finally, models are applied 
to assess variable amplitude (variable amplitude blocks) strain-life data derived for smooth specimens. 
Keyword: Puddle iron; riveted bridges; low-cycle fatigue; crack initiation; net effective strain; fatigue modeling; variable amplitude loading. 
1. Introduction 
Structural integrity assessments of old steel riveted bridges are more and more frequent. Most of these structures 
were built at the end of the 19th century/beginning of the 20th century, with angles and plates joined by rivets and 
made of puddle iron or wrought steel. The maintenance and safety of existing bridges is a major concern of 
governmental agencies. In order to assure high safety levels in old riveted steel bridges, highway and railway 
authorities have to invest heavily in their maintenance and retrofitting. Fatigue failures are a concern for steel 
bridges due to the likelihood of the steel to deteriorate under variable stresses [1-3]. Residual life calculations of 
existing bridges in operation should take into account fatigue as a progressive damaging mechanism. A consistent 
residual life prediction should be based on actual fatigue data from bridge members to assess. Despite the S-N 
approach is widely used [4-7] to assess the fatigue life of riveted connections, local strain-life approaches are also a 
possibility [8], essentially to account for crack initiation. 
This paper proposes the identification of low-cycle fatigue data for a sample of puddle iron from the ancient 
Portuguese Fão riveted bridge. Smooth specimens are tested under strain control to derive constant amplitude strain-
life data for repeated and fully-reversible loading. This data is correlated using the classical deterministic strain-life 
model known as Morrow’s equation [9]. Since bridges experience invariably variable amplitude data, variable 
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amplitude strain-controlled tests were also carried out. In particular, the net effective strain-life model, as proposed 
by DuQuesnay [10-11] was identified and applied to assess variable amplitude fatigue data. In order to identify the 
constants of the net effective strain model, constant amplitude tests, with periodic compressive overloads, were used 
to generate conditions of crack closure free cycles. 
The Fão bridge is a riveted metallic road bridge that crosses the Cávado river at Esposende, in the north-west 
region of Portugal. This bridge was inaugurated on 7th August 1892. This bridge has a total length of 267 meters, 
composed of 8 spans of 33.5 meters each, supported on 7 masonry piers. Fig. 1a) gives a global overview of the 
bridge. Recently the bridge suffered a major rehabilitation and some side diagonals were replaced. The removed 
material was used in this investigation (see Fig. 1b)). The material used to build the bridge was puddle iron, a 
precursor of the modern construction steels. Very limited information about the strain-life behavior of these 
materials is available in literature [12]. 
(a) (b)
Fig. 1 The Fão Bridge: a) overview of the bridge; b) original diagonals removed from the bridge. 
2. Strain-life relations 
2.1. Classical strain-life relations 
Strain-life fatigue data are usually correlated using a relation between the strain amplitude and the number of 
reversals to failure, 2Nf. The number of reversals to failure is often assumed as the number of reversals to initiate a 
macroscopic crack [13]. Coffin [14] and Manson [15] proposed a relation between the plastic strain amplitude, 
'HP/2, with the number of reversals to failure, 2Nf, well suited for low-cycle fatigue: 
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where H’f and c are, respectively, the fatigue ductility coefficient and fatigue ductility exponent. The Coffin-Manson 
relation may be extended to high-cycle fatigue domains using the relation proposed by Basquin [16]. The relation 
proposed by Basquin relates the elastic strain amplitude 'HE/2, with the number of reversals to failure 2Nf:
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where V’f and b are, respectively, the fatigue strength coefficient and the fatigue strength exponent and E is the 
Young modulus. The number of reversals corresponding to the transition between low- and high-cycle fatigue 
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regimes (2Nt) is characterized by total strain amplitude composed by equal components of elastic and plastic strains. 
Lives below this transition value are dictated by ductility proprieties; lives above this transition value are dictated by 
strength proprieties. Morrow [9] suggested the superposition of equations (1) and (2), leading to a more general 
equation, valid for low and high-cycle fatigue regimes: 
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In order to account for the mean stress (Vmed) effects, Morrow proposed the following change to the previous 
equation [9]: 
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2.2. The net effective strain range model 
The net effective strain range model was developed by DuQuesnay based on fatigue behavior of small cracks 
observed quantitatively under both constant amplitude and overload spectrum loading conditions [10-11]. Such 
observations led to a model whose two basic criteria for the infliction of damage upon a cyclically loaded material 
with micro cracks are: (i) to inflict damage, a crack must be open; and (ii) once open, damage is imparted by a crack 
only if cycling is sufficient to overcome the intrinsic fatigue resisting capacity of the material. In order to model 
these two phenomena, the effective strain range ('Heff) and the intrinsic fatigue limit ('H i) were proposed to define
together the net effective strain range ('H) as a damage parameter for both constant amplitude and spectrum fatigue
analyses. The effective strain range ('Heff) is the strain range over which intrinsic flaws (small surface and sub-
surface cracks) remain open. This parameter has been shown to adequately account for both mean stress effects in 
fatigue and for changes in damage accumulation rates following overloads. An opening stress, Vop, dependant on 
cyclic yield stress (Vy) and the maximum (Vmax) and minimum (Vmin) stresses corresponding to the largest rainflow 
cycle in a spectrum, is defined to support the effective strain range definition according to [10-11, 17]: 
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where D and E are material constants to be experimentally determined. Although experience has shown crack 
closure stresses lower than crack opening stresses, as illustrated in Fig. 2, the evaluation of the crack closure is a 
difficult task since no accurate procedure for its evaluation is available. An unconservative assumption is to assume 
the closure stress equal to the opening stress. According to Fig. 2, if the closure stress is assumed equal to the 
opening stress, then cycle A is closed and cycle B is partially closed, their damaging effects being omitted or 
partially omitted from the final damage computation. 
Fig. 2 Crack opening versus crack closure stresses [17]. 
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To provide a conservative estimate of the crack closure behavior, an opening strain (Hop) is defined equal to the 
closure strain (Hcl). Therefore, according to Fig. 2, cycles A and B are assumed open and thus their damaging effects 
accounted into the fatigue damage. Since the magnitudes of crack opening stresses occur in a region of linear elastic 
behavior, the corresponding Hop can be determined from Vop by a simple Hooke’s law calculation, using the 
minimum stress (Vmin) and strain (Hmin) in the spectrum: 
E
op
op
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min
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where E is the Young’s modulus. 
The effective strain range ('Heff) is the difference between the maximum strain in a cycle and the larger of either 
the crack opening strain, or the minimum strain in the cycle as expressed in the following equations: 
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It is assumed that the opening strain is constant throughout the variable amplitude spectrum at a value defined by 
equations (5) and (6) relative to the largest rainflow cycle in the spectrum. Experimental evidence has shown that 
after a large overload, subsequent smaller cycles may inflict damage. However, this damaging effect gradually 
decreases with the reduction in the small cycles range, until a lower limit referred as intrinsic fatigue limit, 'H i.
While micro cracks remain open throughout small cycles with magnitudes below 'H i, their failure to impart damage 
implies that intrinsic fatigue limit represents an inherent resistance of a material to fatigue damage. It is worth noting 
that 'H i is independent of the mean stress. As previously stated, mean stress effects are accounted by the effective 
strain range [10-11, 17]. 
Finally, subtracting the intrinsic fatigue limit ('H i) to the effective strain ('Heff) range results the net effective 
strain range ('Hכ):
iH
B
effHH '' '
* (8) 
The net effective strain range can be considered a damage parameter that accounts conveniently for changes in 
damage accumulation rate that occurs at different mean stresses under constant amplitude loading, and the increase 
in damage accumulation rate that occurs for cycles following overloads, under variable amplitude loading. The 
effective strain range can be related with the number of cycles to failure using the following power relation: 
 fNAE  ' *H (9) 
where A and B are materials constants to be determined using constant and/or overload data. 
3. Experimental results and discussion 
The proposed experimental program included fatigue tests of smooth specimens, carried out under strain control. 
Fig. 3 illustrates the geometry of the smooth specimens that were machined from original diagonals, extracted from 
the Fão bridge. Three types of test series were considered, namely: i) fatigue tests under constant strain amplitude 
for two distinct strain ratios; ii) fatigue tests under constant strain amplitude with single overloads; iii) variable 
amplitude block loading. Tests were carried out on a servo hydraulic machine, rated to 100kN. Strains were 
measured using a clip gauge with a gauge length of 25 mm and limit displacements of r2.5 mm. 
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sing 
ehaviour. 
3.1. Constant amplitude tests 
Constant amplitude fatigue tests were carried out according the ASTM E606 standard. A total of 35 smooth 
specimens were tested under strain control, 21 being tested under fully reversible strain (RH=-1) and the remaining 
specimens under repeated strain (RH=0). The test frequencies were adjusted in order to result an average strain rate 
of 0.8%/s. The stabilized hysteresis loops (conventionally half life hysteresis loops) are plotted in Fig. 4, with the 
lower tips coincident at the origin. It is clear that the puddle iron from the Fão bridge shows a non-Ma
b
Fig. 3 Geometry of the smooth specimens (dimensions in mm). 
 amplitude, from the stabilized hysteresis 
ops. The resulting data was correlated using the following power law: 
Fig. 5 shows the stress amplitude as a function of the plastic strain
lo
nc
(10) 
de of the scatter is typical of the puddle irons, since they show significant heterogeneities in 
the
ow (lower than 1000 reversals). Table 1 summarizes the constants of the 
train-life relations presented in Fig. 6. 
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where ¨HP and ¨V are, respectively, the plastic strain and stress ranges; Kc and nc are the strain hardening coefficient 
and exponent, respectively. The determination coefficients are relatively low, mainly for tests carried out under null 
strain ratio. The magnitu
ir microstructures. 
Fig. 6 shows the strain-life data obtained for the strain ratios RH=1 and RH=0. The figure also shows the Coffin-
Manson, Basquin and Morrow relations that were adjusted to the experimental data. The transition life, between low 
and high-cycle fatigue regimes is very l
s
(b)
Fig. 4 Stabilized hysteresis loops: a) strain ratio RH= 1; b) strain ratio RH=0.
(a)
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(a) (b)
Fig. 5 Stress amplitude versus plastic strain amplitude data: a) strain ratio RH= 1; b) strain ratio RH=0.
(b)(a)
Fig .6 Strain-life data: a) strain ratio RH= 1; b) strain ratio RH=0.
Table 1. Constants of the Morrow’s model. 
V' fStrain ratio 
RH
2Nt
[MPa] 
H' f b c
1 771 592.4 0.0809 0.0781 0.5797 
0 854 635.8 0.0443 0.0896 0.4790 
3.2. Constant amplitude tests with periodic overloads 
In order to identify the parameters of the net effective strain range model, as proposed by DuQuesnay, constant 
amplitude tests with periodic overloads were carried out, as illustrated in Fig. 7. Again, strain-controlled fatigue tests 
were carried out. Blocks of small amplitude cycles, characterized by a strain range of ¨Hsc and a strain ratio (R*H)
greater than -1 is applied between fully reversible (RH=1) strain cycles (overloads). The overloads have the same 
maximum strain of the small amplitude cycles and a strain range equal to ¨Hol. It is expected that the periodic 
overloads induce compressive stresses, reducing the closure stresses in a way that the following small amplitude 
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cycles are fully open, therefore fully effective. The closure stress may gradually recover its value before the 
overload, which justifies the application of periodic overloads. This type of tests is used to generate crack closure 
free fatigue data, specifically effective strain versus life data. The damage induced by the periodic overloads must 
not exceed 50% at failure and must be eliminated in the evaluation of the effective strain versus life data [10-11, 17]. 
In the present case, blocks of (K=) 100 small amplitude strain cycles were applied. Two overload strain ranges were 
tested, namely ¨Hol=0.4% and ¨Hol=0.3%. For each overload strain range, several strain ratios (R*H) of the small 
amplitude cycles, greater than 1, were tested. The number of small amplitude cycles to failure (Ns) was registered 
as well as the number of overloads (N0). Then, the corrected number of small amplitude cycles to failure may be 
evaluated accounting the damage of the overloads, using a linear damage law:  
¸
¸
¹
·
¨
¨
©
§
 
fo
o
sf N
NNN 1 (11) 
where Nfo is the number of cycles to failure for a constant amplitude loading with ¨Hol and RH=1. Fig. 8 plots the 
constant amplitude data for RH=1 (from section 3.1) as well as the results from the periodic overloading tests, 
namely the range of the small strain cycles (¨Hsc) with the Nf given by equation (11). It is clear that the crack closure 
free data is more damaging (below the constant amplitude data) than the constant amplitude data. The black solid 
line represents the Morrow’s equation (equation (3)); the grey solid line represents the DuQuesnay’s model 
(equation (9)). The DuQuesnay’s model requires the definition of constants A and B, as well as the intrinsic fatigue 
limit ('H i). These parameters were computed using an optimization technique in order to maximize the 
determination coefficient of the plot shown in Fig. 9 – the net effective strain range versus cycles to failure. 
Fig. 7 Schematic illustration of the constant amplitude loading with periodic overloads (overloading tests). 
Fig. 8 Comparison of constant amplitude loading data with overloading data.
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Fig.9 Identification of the parameters of the DuQuesnay’s model (¨H i=0.00113; A=395685 MPa; B=-0.7072). 
The application of the DuQuesnay’s model in fatigue assessments, for variable amplitude data, requires the 
definition of the opening stress. Equation (5) may used to estimate the opening stress. This equation involves two 
constants, D and Ethat may be determined using specific tests to measure the crack closure. In this paper, an 
indirect methodology is tested. Constant amplitude strain-life data (RH=1) is transformed into net effective strain-
life data using equations (5) to (8), with the maximum and minimum stresses determined from the stabilized 
hysteresis loops. The resulting data is plotted together with the data from the periodic overloading tests. Constants D
and E are then evaluated in order to maximize the determination coefficient of all data plotted together. Fig. 10a) 
plots the data from the complete constant amplitude test series. However, since the data from the constant amplitude 
test series covers higher strain ranges than tested in the constant amplitude test series with periodic overloads, Fig. 
10b) only includes data points from constant amplitude test series with strain ranges lower or equal to the maximum 
values tested in the constant amplitude tests with periodic overloads. From Fig. 10b) resulted D=0.68 and E=0.58. 
(a) (b)
Fig.10 Correlation of constant amplitude data with constant amplitude data with periodic overloads: a) full constant amplitude test series; b) 
incomplete constant amplitude test series. 
3.3. Variable amplitude block loading 
This study also included fatigue tests of smooth specimens subjected to variable amplitude block loading that will 
be used to test the strain-based models under investigation in this paper. Three variable blocks were defined, as 
illustrated in Fig. 11. Each block is composed of individual strain cycles of null strain ratio and random maximum 
strains. The first block was limited to a maximum strain of 1% (Fig. 11a)); the second block was limited to a 
maximum strain of 0.75% (Fig. 11b)); finally, the third block was limited to a maximum strain of 0.5% (Fig. 11c)). 
Three specimens were tested for each block, which corresponds to a total of 9 tests. 
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(a) (b) (c)
Fig. 11 Variable amplitude blocks: a) maximum strain of 1.0%; b) maximum strain of 0.75%; c) maximum strain of 0.5%. 
Fig.12 Comparison between predictions and experimental results for smooth specimens under variable amplitude data. 
The variable amplitude fatigue tests were assessed using the Morrow’s equation, with and without the mean 
stress effect, and the DuQuesnay’s model. Predictions are directly compared with the experimental results in Fig. 12. 
The analysis of the figure shows that Morrow’s model gives conservative predictions in all ranges of the results. 
Additionally, the Morrow’s equations, with and without mean stress effects, predicts very similar results. Regarding 
the DuQuesnay’s model, predictions are only satisfactory for intermediate to long lives. For low-cycle fatigue, the 
DuQuesnay’s model made unconservative predictions. The predictions carried out with the DuQuesnay’s model, 
and plotted in Fig. 12, were based on new D and E constants (D=0.97; E=0.59), since predictions based on constants 
identified in previous subsection were not satisfactory. This discrepancy highlights the need of specific tests to 
evaluate accurately crack opening/closure stresses. Also, in order to increase the domain of applicability of the 
DuQuesnay’s model to the low-cycle regimes, more tests of constant amplitude loading with periodic overloads are 
required, covering higher strain ranges. 
4. Concluding remarks 
The puddle iron from the Fão bridge shows a non-Masing behaviour with a significant scatter. The scatter is 
justified by the high heterogeneity in the microstructure of the material. The constant amplitude tests illustrated a 
very low number of transition reversals (2Nt<1000 reversals) between plastic strain based fatigue regime and the 
elastic strain based fatigue regime. This means that, in the presence of plasticity, a premature failure is very likely to 
occur.
The constant amplitude tests with periodic overloads demonstrated to be adequate to evaluate the closure free 
strain cycles, required for evaluation the parameters of the net effective strain model, as proposed by DuQuesnay. 
However, the proposed indirect method to derive the constants for the opening stress seemed to reveal some 
weaknesses. In fact, predictions made for variable amplitude tests with the set of constants derived using constant 
amplitude data together with constant amplitude data with periodic overloads were not satisfactory. Clearly, the 
stress closure stresses have to be evaluated with direct and more accurate methods. 
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The predictions made for the variable amplitude tests demonstrated that the Morrow’s model is globally 
conservative; the DuQuesnay’s model produced good predictions only for intermediate and high-cycle fatigue. The 
more detrimental blocks, with a peak strain of 1%, produced failures between 2 and 9.5 blocks, which is a domain of 
low-cycle fatigue. In order to extend the domain of validity of the DuQuesnay model, more constant amplitude tests 
with periodic overloads are necessary, covering higher strain ranges. 
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